INTRODUCTION
The use of non-contact ultrasonic techniques can have distinct advantages over conventional contact methods, allowing more rapid and practical scanning without suffering from variations introduced by an acoustic couplant. Non-contact ultrasonic testing can also be used for inspecting components on a production line. The system described here uses separate ultrasonic generation and detection techniques. Longitudinal waves are generated in a sample by means of a pulsed laser, and waves scattered from defects within the sample are used to identify the presence and location of simulated surface breaking cracks and side drilled holes. The longitudinal waves are detected using an electromagnetic acoustic transducer (EMA T) on the same side as the ultrasonic generation point, located coaxial to the generation laser beam.
EXPERIMENTAL SET-UP
Longitudinal ultrasonic waves are generated using a pulsed Nd: YAG laser (Sns risetime, SOmJ energy) in a weak ablative regime. An ablative laser source will generate very large amplitude, broadband longitudinal waves with a highly divergent wavefront [1, 2, 3] . The laser is focused through the centre of an annular EMAT that is sensitive to out-of-plane motion [4,S] , which in this geometry is predominantly associated with the longitudinal signals reflected from the back surface of the sample or back-scattered from defects. The detected signals are amplified by a preamplifier with a broadband frequency response from 1 to 10MHz, that has a quick 'recovery' time of a few microseconds when grossly overloaded. The quick recovery feature is required where the EMA T coil picks up the supersonic blast wave from the laser generated plasma and there is an optimum power density in the laser source to give best signal-to-noise [6, 7] .
The EMA T coil is also sensitive to the Rayleigh wave generated by the ablative laser source. In this particular application it is desirable to reduce the sensitivity of the EMA T to surface waves passing under the coil. This is achieved by making the coil suitably wide enough to 'smear' out the resulting signal from the Rayleigh wave [8] , longitudinal wave echoes from the far surface and buried defects arrive essentially in phase over the entire coil and give sharp signals.
The signal can not be completely eliminated, but will be severely diminished. In this case the annular EMAT coil had an ID of 10mm and OD of 12mm. The crosssectional view of the 'hybrid' laser-EMAT system is shown in figure 1 . The hybrid transducer is used in a send-receive type mode with the sample being inspected from one side alone. While the system is non-contact, it is desirable to minimise the distance between the EMA T and sample as EMAT sensitivity decreases exponentially with increasing stand-off. An EMAT could be used as the ultrasonic generator however it is a very inefficient generator of longitudinal waves, and thus laser generation was used to increase the efficiency. Using a laser to generate large amplitude ultrasonic waves is particularly important when trying to detect very small signals that are scattered from crack tip defects as described in this paper.
Aluminum plates of various thickness were scanned using the laser-EMAT system, they contained both side drilled holes and simulated cracks cut into the metal with a fine slitting saw. For the crack detection experiments, the samples were scanned with the defect on the 'far' side of the sample in order to give a worst case condition for crack detection. In the most simple case, the transducer can be used to measure thickness of sample but care must be taken in the calculation due to the path taken by the first backwall echo as shown in figure 2, this becomes particularly important for plates which are thin relative to the active area of the EMAT .
Another important feature of the system is that it has a sufficiently high signal to noise ratio, so that measurements can be taken in a single shot. The signal to noise ratio can be increased by averaging, but this requires more acquisition time. If a high repetition laser is used and signals are averaged then the technique becomes more 'destructive'. A single laser shot as used here will typically cause pitting of the surface a few microns deep. High repetition shots of the same energy would cause much deeper pitting of the surface, effectively drilling into the surface.
RESULTS
The first experiments show how the laser-EMAT system can be used to measure sample thickness. Waveforms taken on samples 4.5mm and 48.5mm thick are shown in figure 3 . These waveforms have been taken at room temperature, but could have been taken at higher temperatures. For example the system used here has been used to measure the thickness of steel at up to IOOO°C. Care must be taken when calculating the thickness from such waveforms particularly for the thinner plate.
Side drilled holes are often used in calibrating conventional contact transducers so the laser-EMAT was used to try and detect side drilled holes of 3mm and O.8mm diameter. It should be noted that these are smaller than 5mm diameter flat bottomed holes which are frequently employed as standard reflectors. The waveform taken for the 3mm diameter hole is shown in figure 4 . The upper waveform corresponds to a 'clear' region ofthe plate and the lower waveform directly over the side-drilled hole, which is also where the largest amplitude signal from the hole is observed. This convention will be adopted for all subsequent figures, the upper waveform will be a defect free trace and the lower waveform will be over a defect. The top of the 3mm hole was 41.0mm deep (in a 64 mm thick block) from the face on which the EMAT was scanned over. The signal scattered back from the hole can clearly be seen. Note that the 'noise' at the early part of the waveform (less than SJ..ls) is due to the blast wave passing under the coil and the noise radiated from the laser discharge. There is also a small feature in this portion of the waveform that corresponds to the Rayleigh wave passing under the EMAT coil.
In order to test the system in an unfavourable geometry a sample containing a O.8mm side drilled hole was scanned. The hole itself is a very small feature to detect and this was made more difficult by positioning the hole at a distance of 8.0mm into the plate, from the side on which the EMA T would scan the sample. This set-up meant that the first signal reflected from the hole would occur in the region of the waveform where the preamplifier is partially paralysed by the blast wave passing under the detection coil. Comparing the signals of figure S, the first reflection from the O.8mm hole can just be resolved. In this particular case the signal from the hole can clearly be resolved in the reflections due to reverberations within the block, of total thickness SO.2mm.
A range of slots were cut into different plates using a slitting saw in order to try and simulate crack tips. Tight fatigue cracks are one of the most difficult type of detect for ultrasonic detection, they are also one of the most dangerous defects due to the high stress concentration factor. The laser-EMAT was scanned on the opposite side of the plate to where the simulated crack had been cut. The widest part of the slot at the metal surface was less than O.2Smm thick, thus the signals that are detected from the slot are diffracted from the tip over the range of ultrasonic frequencies to which the EMA T is sensitive (1- IOMHz), having wavelengths the ranging from approximately 6.S to O.6Smm.
Waveforms taken over 4.0mm deep and 2.0mm deep slots are shown in figures 6 and 7 respectively, in plates of thickness 62.5mm. Note that the signals that correspond to mUltiple backwall echoes are actually distorted as the gain of the preamplifiers was set high in order to observe the much smaller defect signals. Waveforms from a block containing a O.Smm deep slot are windowed and shown in figure 8 . The signal from the backwall is very large and flat topped as the dynamic range of the digitisation card had been exceeded, the defect echo is the small feature arriving just before the backwall echo shown in the lower trace.
CONCLUSION
The laser-EM AT system has detected side drilled holes down to O.8mm diameter and simulated cracks to a minimum depth of O.Smm in aluminum plates. This experiment described in this paper is a realistic demonstration of a non-contact time-of-flightdiffraction technique. To the authors' knowledge this is the first demonstration of laser generated ultrasound for detecting realistic crack like defects in bulk material. It is hoped to repeat the experiment with real fatigue cracks.
Further development work is required for industrially important area of defect detection in steel samples. In general EMA T detection sensitivity for steels is poorer than for aluminum [9] The performance on different steel grades currently is unpredictable, varying from very sensitive (more sensitive than aluminum) to totally insensitive with the present EMA T equipment. The presence of surface oxides can greatly increase the efficiency both of the laser generation source (greater absorption of laser energy and ablation of oxide material) and the EMAT detection via magnetoelastic coupling mechanisms.
